X-ray Diffraction (XRD), X-ray Photoelectron Spectroscopy (XPS), Transmission Electron Microscopy (TEM) and magnetic measurements as a function of applied magnetic field and temperature for In 1− Mn Sb (0.05 0.2) system are reported. Magnetic measurements performed at high and small magnetic field in ZFC and FC indicate the coexistence of ferromagnetic In 1− Mn Sb solid solution and two types of magnetic cluster: ferromagnetic MnSb and ferrimagnetic Mn 2 Sb. XPS valence band and Mn 2p core level spectra have confirmed the presence of MnSb and Mn 2 Sb phases. TEM images show some manganese antimonide phase microinclusions with dimension between (30-40) nm.
Introduction
The doping of III-V semiconductors with 3d transition elements creates ferromagnets, called magnetic semiconductors. These materials continue to attract the interest of the scientific community, since they hold promise of applications in a variety of spin-controlled devices [1] . The 1992 discovery of hole-mediated ferromagnetic order in (In,Mn)As [2] has motivated research on Mn-doped GaAs and other III-V host materials [3] .
Indium antimonite (InSb) is a narrow gap semiconductor with an energy band gap of 0.17 eV at 300 K and 0.23 eV at 80 K. It crystallizes in the zinc-blende structure type with * E-mail: lrednic@phys.ubbcluj.ro a 0.648 nm lattice constant. The undoped semiconductor possesses the largest ambient temperature electron mobility (7.8 m 2 V −1 s −1 ), electron velocity, and ballistic length (up to 0.7 µm at 300 K) of any known semiconductor [4] . Ferromagnetism in In 1− Mn Sb ( ∼ 0 02) with T up to 20 K has been observed in films grown by Molecular Beam Epitaxy (MEB) [5] . Earlier studies on bulk In 1− Mn Sb, performed in the 0.01 0.06 concentration range [6] , pointed out the presence in the investigated samples of an In 1− Mn Sb solid solution with T C < 10 K and also microinclusions of manganese antimonide phase. These microinclusions (clusters) might be identified as either ferromagnetic MnSb or Mn 2 Sb, because in the phase diagram of Mn-Sb system there are only these two compounds and no solid solution. To complete the picture and explain the magnetic behaviour of these materials a study of bulk manganese-doped InSb, for higher manganese concentration, is necessary. The aim of this paper is to investigate the effect of substitution of In by Mn in InSb on the magnetic properties and electronic structure, beyond the solid solubility limit. Several experimental methods have been used in the investigation of In 1− Mn Sb ( = 0, 0.05, 0.1, 0.15 and 0.2) alloys: X-ray Diffraction (XRD), X-ray Photoelectron Spectroscopy (XPS), Transmission Electron Microscopy (TEM) and magnetic measurements as a function of applied magnetic field and temperature.
Experimental
Five samples belonging to In 1− Mn Sb ( = 0, 0.05, 0.1, 0.15 and 0.2) system were prepared by argon arc melting method. In order to aid homogenization the samples were inverted and re-melted several times in the same atmosphere. The weight loss of the final samples was found to be less than 1%. High purity elements have been used for the sample preparation (99.99% for both In and Mn and 99.9% in case of Sb). XRD patterns recorded using a Bruker D8 Advance diffractometer indicate the existence of an InSb structure type phase and also the presence of some small MnSb peaks (Fig. 1) . The presence of both MnSb and Mn 2 Sb phases could be pointed out only by using synchrotron radiation, as previously shown by Novotortsev et al. [6] . From the most intense MnSb line recorded by XRD measurements and using Scherrer's equation [7] , = 0 9 λ β cos θ where λ represents the X-ray wavelength, β is the angular width at half-maximum intensity and θ the diffraction angle, it is possible to estimate the diameter d of the magnetic particles. In order to determine the composition of the samples, microstructure analysis was also performed using a TESLA BS-500 transmission electron microscope. TEM images (Fig. 2) show some manganese antimonide phase microinclusions (the darker particle centres) with dimensions between (30-40) nm (these values are in good agreement with those obtained from the XRD patterns) embedded in the InSb matrix (light coloured coating). But these measurements did not allow us to identify the exact composition of the clusters. The microinclusions might be identified as either MnSb or Mn 2 Sb. Magnetic susceptibility at low magnetic field (B = 0 01 T) was carried out on a superconducting quantum interference device (SQUID magnetometer) from 2 to 300 K. The variation of the magnetization with temperature at 0.2 T and 0.8 T magnetic field was measured using a Weiss balance in the 300-700 K temperature range. The hysteresis loop at T = 5 K was recorded using an OXFORD device. The XPS spectra were recorded using a PHI 5600ci ESCA spectrometer with monochromatized Al K α radiation at room temperature. The pressure in the ultra-high vacuum chamber was in the 10 −10 mbar range during the measurements. The samples were cleaved in situ. The surface cleanness was checked by monitoring the O and C 1s lines on the surveys.
Results and discussion

Magnetic measurements
Magnetic measurements performed in the (300-650) K temperature range at two relatively small magnetic fields are shown in Fig. 3 . At higher fields (0.8 T) (Fig. 3a) the alloys seem to show a ferromagnetism with the Curie temperature T C in the (550-590) K range, determined from the M 2 (T ) plot in the molecular field approximation. The Curie temperature values are situated between the Curie temperature of ferromagnetic MnSb (T ∼ 585 K) [8] and ferrimagnetic Mn 2 Sb (T ∼ 550 K) [9] compounds. The temperature dependence of the magnetization for these two compounds is given in Fig. 3c . MnSb crystallizes in the NiAs structure, with the lattice parameters = 4 15 Å and = 5 77 Å and a magnetic moment of 3.5 µ B on Mn sites, and -0.06 µ B on the Sb site [8, 10] . In the tetragonal unit cell of Mn 2 Sb with the lattice constants = 4 051 Å and = 6 537 Å, there are two crystallographically non-equivalent sites for Mn atoms, Mn(I) (2.1 µ B ) and Mn(II) (3.9 µ B ) aligned antiparallel to each other [12] resulting in a mean value of 0.9 µ B per Mn atom.
The magnetization plots M(T ) for B = 0 8 T (Fig. 3a ) present a deviation from the normal Brillouin curve in the (400-500) K temperature range. This anomaly may be due to the mediated contribution of MnSb and Mn 2 Sb clusters. Both magnetization and Curie temperature decrease with decreasing Mn concentration.
In the lower field (0.2 T), however, the magnetizations versus temperature curves show a broad maximum around 425 K. This type of maximum in the M(T ) curves is sometimes observed in mictomagnetism or cluster spin glass owing to the coexistence of ferromagnetic and antiferromagnetic interactions. The exchange interactions between the ferromagnetic and ferrimagnetic entities, at their interfaces, leads to different configurationally "pinning" of ferromagnetic components.
The increase of magnetization with temperature for small magnetic fields (Fig. 3b) suggests that up to a certain temperature the influence of the ferrimagnetic component on the magnetization of MnSb clusters is more pronounced for smaller magnetic field.
When Mn 2 Sb is modified with Cr, resulting in the compounds Mn 2− Cr Sb (0 01 < < 0 25), a magnetic phase transition at temperature T S is induced. This transition goes from ferrimagnetic above T S , to antiferromagnetic below T S : T S increases with increasing Cr content. At the phase transition there is a discontinuous decrease of the axis and increase of axis. The transition takes place at the critical value of 6.53 Å corresponding to the axis, for every Cr content [11] . Kittel has shown that Fig. 4 . Similar curves were obtained in case of all investigated alloys. The saturation magnetisation is observed in fields higher than 0.5 T. The magnetization in the very small field region (Fig. 4b) shows that for all investigated materials the coercitive field is very small (does not exceed 20 Gs). This characteristic is typical for cluster behaviour. The small values of the coercitive field and saturation field may be explained in the random anisotropy model [13] . Furthermore, the hysteresis loop shows a small asymmetry with a shift towards negative field. This is due to the exchange interaction between the ferromagnetic and ferrimagnetic phase at their interface. Such exchange bias fields have been observed in case of many ferromagnet/ferrimagnet interfaces like γ-Fe 2 O 3 /Fe [14] and Co/TbFe [15] . The values of magnetic moment per manganese atom in In 1− Mn Sb alloys (for 0 2), determined from saturation magnetisation at T = 5 K, are in the (2.07-3.28) µ B range (Tab. 1).
The obtained values are in good agreement with earlier studies in the = (0 01 − 0 06)% Mn concentration range [6] . The substitution of In by Mn brings no signif- Fig. 5a .
In the inset of Fig. 5a the temperature dependence of the crystalline anisotropy energy coefficients K 1 for Mn 2 Sb compound is given. At temperatures below 240 K the magnetic moments in Mn 2 Sb are directed perpendicular to the axis. At 240 K the anisotropy changes sign and above this temperature the easy axis of magnetization is parallel to the axis [11] .
The temperature dependence of the field cooled (FC) and zero field cooled (ZFC) magnetic susceptibility of In 0 95 Mn 0 05 Sb alloy, at small fields (B = 0 01 T) is shown in Fig. 5b . Similar curves were obtained for all investigated alloys. A dominant feature is the splitting between the FC and the ZFC susceptibility which confirms the coexistence of two types of magnetic microinclusions: ferrimagnetic Mn 2 Sb clusters and ferromagnetic MnSb clusters. The susceptibility versus temperature exhibits a magnetic field cooling effect below the freezing temperature T ∼ 240 K. For all alloys a maximum in χ(T ) is observed between the Curie temperature and 240 K, the latter corresponding to the onset of mictomagnetism or cluster spin glass. A similar behaviour was observed in many mictomagnetic systems such as the ε phase of the Mn-Zn alloy system [16] . It is interesting to note that the splitting of FC and ZFC susceptibility takes place, for all investigated alloys, at the same temperature where the anisotropy coefficient K 1 changes its sign, so that the anisotropy energy is negligible in comparison with the exchange energy. The mixed state incorporates ferromagnetic and ferrimagnetic parts for which close-lying Curie temperature T C were identified from magnetization measurements. As a consequence of the mixed magnetic interactions, in these alloys there is pinning of the ferromagnetic parts caused by the ferrimagnetic environment, as evidenced also by the splitting in the FC and ZFC magnetic susceptibility measurements.
The upward of the magnetic susceptibilities at very low temperatures (Fig. 5b) is due to the ferromagnetic phase formation in the In 1− Mn Sb solid solution.
For a small manganese concentration ( = 0 05) a supraconductor behaviour can be observed in the low temperature region due to some indium segregated particles (Indium T C = 3 4 K [17] ) -the inset of Fig. 5b. 
XPS measurements
The electronic structure of the investigated alloys is studied by analyzing the valence band and core level spectra.
The XPS valence band spectra of In 1− Mn Sb alloys, MnSb and Mn 2 Sb compounds are shown in Fig. 6 .
The density of states (DOS) at Fermi level increases with Mn content. The half width at half maximum (HWHM) also increases, suggesting the increase of Mn 3d contribution around 2.8 eV.
A better understanding of the main characteristics in the valence band requires a comparison between the experimental and the calculated spectra. The XPS valence band spectra were calculated with the Munich SPR-KKR package 1 (Fig. 7a) . One can observe that for both compounds the Mn 3d contribution to the valence band has a maximum around 2.8 eV, which is also reflected in the valence band spectra of In 1− Mn Sb alloys.
The computed XPS valence band spectrum of MnSb is in good agreement with the experimental results, indicating that the measured spectrum is representative of the bulk.
The Mn 2p core level spectra (Fig. 8) the 2p photoelectron spectrum caused by the Coulomb interactions of the 2p hole and 3d valence electrons. Fig. 9 shows the fitting of Mn 2p 3/2 XPS spectra for MnSb and In 0 8 Mn 0 2 Sb. The fitting results were obtained considering four components and a satellite line, like in all other alloys and intermetallic compounds based on Mn [19] [20] [21] .
The full width at half maximum (HWHM) of each multiplet peak was considered between 1 eV and 1.5 eV, with a 0.4eV Lorentian contribution (accounting for the Mn 2p hole states lifetime [22] ) and a 0.6-0.8 eV Gaussian contribution (accounting for the instrumental broadening). The relative intensities of these states vary depending on Mn atomic environment, reflecting the changes induced to the properties of Mn 3d states. The binding energies of the fitted multiplet splitting components and the mean energy separation between the four components, which corresponds to the exchange splitting of the Mn 2p 3/2 core-hole states, are listed in Tab. 2. The Mn 2p core level spectra for = 0 15 and = 0 2 resemble those of MnSb and Mn 2 Sb intermetallic compounds. The mean exchange splitting in the investigated alloys is very close to that found in MnSb compound. In Fig. 10 are given the XPS Sb 3d core level spectra for the investigated sample. The lack of O 1s at 531 eV binding energy in the Sb 3d core level spectra indicates that contamination is absent and proves the good quality of the investigated sample
Conclusions
The substitution of In by Mn in InSb beyond the solid solubility limit leads to the formation of magnetic clusters. Magnetic measurements performed at high and low magnetic field, FC and ZFC measurements, on In 1− Mn Sb ( = 0 05, 0.1, 0.15 and 0.2) system indicate the coexistence of two types of magnetic clusters: ferromagnetic MnSb and also ferrimagnetic Mn 2 Sb. TEM images also show some manganese antimonide phase microinclusions 
